Visual acuity, its development and amblyopia! Hisako Ikeda zhe DSC Vision Research Unit, The Rayne Institute Sf Thomas's Hospital, London SEI 7EH I became intrigued with amblyopia, which is a loss of visual acuity without any obvious pathology, through my contacts with patients in the electrodiagnostic clinic. But realizing that we needed to know more about the physiology of normal visual acuity before we investigated the problem of amblyopia, we began to work in search of the physiological basis of normal acuity and then moved on to the problem of amblyopia.
What is the physiological basis of visual acuity? As Figure 1 shows, our visual acuity is best at the fovea but drops sharply towards the periphery. The high visual acuity of the fovea has always been explained by the packing of cones at the fovea, that is by anatomy rather than physiology. However, visual acuity cannot Steinberg et al. 1973) , and retinal ganglion cell density in cat retina (after Stone 1965 . Hughes 1974 , as a function of eccentricity from the fovea or area centralis be considered in terms of anatomy alone. It depends on the functional state of the cells and the transmission of nerve impulses to the brain. This is physiology. To study the physiology of cells we have to use microelectrode techniques to record the activity of the cells in question in an animal model, such as the cat. In the cat retina, cell density is also highest at the area centralis (the equivalent to the human fovea), although the number of cells is smaller than in man ( Figure I) .
Physiologically, although we need the cones to detect fine local changes in the luminance level, visual acuity is the detection of contrast and this function is demonstrated clearly for the first time at the retinal ganglion cells. There are retinal ganglion cells named on-centre cells, which are excited by stimuli brighter than background such as white letters, and side by side with them are off-centre cells which respond to darker stimuli on a bright background such as black letters. But what physiological mechanism is required to discriminate small letters or objects, in other words, to achieve high visual acuity? Do we need a special class of cells? The answer is 'Yes'.
There are two major physiological classes of retinal ganglion cells, regardless of whether they are on-centre or off-centre cells. One of these has properties very suitable for seeing fine spatial details. The two classes are sustained and transient cells, or, as some prefer to call them, X and Y cells, or tonic and phasic cells. Transient cells have properties which are suitable for the detection of rapid and coarse movement and for initiation of the fixation reflex, while sustained cells have properties which are suitable for fine contrast detection and fine spatial discrimination, i.e. visual acuity (Ikeda & Wright 1972b) .
We can, indeed, measure visual acuity of individual cells using slowly-moving gratings of different line widths. We challenge a cell with progressively fine gratings until the cell no longer gives a rhythmic response to individual lines of the grating. Thus the visual acuity of a cell can be defined as the finest grating to which the cell responds by firing to individual lines. By this method we studied the retina, lateral geniculate nucleus (LG N) and visual cortex in the normal adult cat. The cellular acuity is determined by the finest sinusoidal grating (mean luminance 10 cd/m 2 ) to which each cell responded by firing to each grating line. Note that acuity is highest for cells in or with inputs from the area centralis. Sustained cells show higher acuity than transient cells. (Reproduced from Ikeda 1980. by kind permission) In Figure 2 , the cellular visual acuity is plotted against the distance from the area centralis, for retinal ganglion cells (A), toN (B) and visual cortical cells in area 17 (C). The acuity is highest for cells located in, or with inputs from, the area centralis for both sustained and transient cells, but transient cells have poor visual acuity compared to sustained cells. Since there is little difference in the highest visual acuity recorded in the retina, LGN and cortex, we can conclude that high visual acuity is provided by 'sustained-X' cells in the area centralis of the retina.
Doeshigh visual acuity at the visual axis develop postnatally?
The next question was whether the high visual acuity of sustained cells is inate or develops postnatally. We therefore studied the development of cellular acuity by recording from the
LGN of the developing brains of kittens of different ages (Ikeda & Tremain 1978a) . The results are shown in Figure 3 , where the visual acuity of sustained cells which received inputs from the area centralis is plotted against age. The optics of 3-week-old kittens were cloudy due to blood vessels remaining in the ocular media. Thus the poor acuity could be expected. But the optics of the eyes were beautifully clear in the 5-week-old kittens, yet the acuity was still poor but gradually improved with age. The acuity for the 16-week-old kittens was as high as the adult acuity, represented by the 51week-old eat's cells. The developmental curve of LGN cellular acuity agreed very well with the curve obtained from visual evoked responses by Freeman & Marg (1975) and that measured by behavioural techniques by Mitchell et al. (1976) . This suggests that visual acuity and its develpment is already determined at the LG N, that is, before the two eyes' information is mixed at the visual cortex. We now have evidence that it is decided at the retinal ganglion cell level. The cellular acuity is determined by the same method as that described for Figure 2 The age span during which cellular visual acuity develops coincides with the sensitive period of development of the visual system of the cat (Hubel & Wiesel 1970) . It is of interest to ask the question: With what developmental parameter does the acuity development correlate? Is it related to size of the brain? Is it correlated with the development of the optic nerve? Figure 4 compares the development of visual acuity of sustained LGN cells (Ikeda & Tremain 1978a) with that of axial length of the eye (Thorn et al. 1976) , the outer segment lengths of the photoreceptors (Donovan 1966) and with the myelination of optic nerve fibres (Moore et al. 1976 ). Only the curve for optic nerve myelination reaches the adult level at about the same time as the visual acuity developmental curve. This is very useful information since perhaps we can use it to suggest the critical period of acuity development in human infants.
It has been shown that optic nerve myelination in man develops postnatally and matures at about 2 years of age (Friede & Hu 1967) . Recent studies by a research group at the Massachusetts Institute of Technology (Gwiazda et al. 1978 ) and those of speakers at the European Paediatric Ophthalmological Group held in Oxford in July 1979 (Drs Atkinson and Braddick, Cambridge, England, and Drs deVries-Khoe and Spekreijse, Amsterdam) suggest that visual acuity in infants may reach the adult level at about the age of 9 months-2 years, although some workers have claimed that the acuity reaches the adult level as early as 6 months of age (Marg et al. 1976 , Pirchio et al. 1978 . From our studies in the cat, which suggest that acuity development may coincide with the development of optic nerve myelination, the age of two years would appear to be more reasonable for human infants. Is strabismic amblyopia due to a deficit in the functioning of cells which provide the basis for highvisual acuityduringdevelopment? Having studied the physiological basis of normal high visual acuity and its development, we can now turn our attention to amblyopia. Amblyopia is a Greek word meaning 'blunt vision' and occurs in squint or certain types of optical defect in early childhood. Since amblyopia is most frequently associated with convergent squint and is age dependent, we produced a convergent squint in one eye of kittens of different ages covering the whole period of acuity development. We found the best way of producing a long-lasting esotropia in kittens was to remove the lateral rectus and superior oblique muscles. After surgery, kittens were returned to their normal colony environment, and no restrictions on their visual explorative behaviour were imposed. When these cats reached the age of 5-7 months, we determined the visual acuity of sustained LGN cells receiving inputs from the area centralis of the retina. As shown in Figure  5 , the visual acuity of cells with inputs from the normal eye is more or less the same and high Age at squint prOduction (weekSI Figure 5 . Visual acuity of sustained LGN cells from the area centralis of the normal eye and the squinting eye of cats reared with esotropia in one eye from different ages. Note that the acuity of the squinting eye cells is dependent on the age of squint onset.
(Reproduced from Ikeda et 01. 1978, by kind permission) throughout, but the acuity of the squinting eye cells is poorest in cats with squint from 3 weeks and better for the cells in cats with squint produced at progressively older ages. The visual acuity of the normal and squinting eye cells is the same in cats with squint produced at 13 and 16 weeks. So the degree of amblyopia of the squinting eye appears to be dependent on the age of squint onset. If we plot the mean cellular acuity of the squinting eye of these adult cats with different ages of squint onset and compare them with the developmental curve obtained in the normal young kittens, Figure 6 is obtained. The agreement between the two curves in Figure  6 is good and this may suggest that amblyopia is an arrest of development of sustained cells at the time of squint onset. (At this stage, discussing our data with Mr Keith Lyle, our attention was directed to Chavasse's theory of amblyopia of arrest (Lyle & Bridgeman 1959), and we realized that our theory was not new after all; but perhaps we have provided the first physiological evidence for Chavasse's theory.)
We asked a further question: Can we demonstrate arrest of development of visual acuity in the esotropic eye of the cats behaviourally? The answer is yes. We were fortunate that Dr Sam Jacobson who was studying for a PhD under Professor Ian McDonald at the National Hospital, was developing an excellent technique to measure visual acuity ofcats behaviourally and he offered to measure the acuity of our esotropic cats. So again we produced convergent squint in kittens of different ages. The cats with esotropia in one eye were trained to discriminate the grating from a uniformly illuminated screen using one eye at a time. The behaviourally measured visual acuity was thus defined by the finest grating that the cat could discriminate (Figure 7) . ... with visual acuity of the squinting eye of the adult esotropic cats with different squint onset age (Jacobson & Ikeda 1979) . The acuities for the young kittens are expressed as percentage of the adult acuity and those for the squinting eyes of the esotropic adults, as percentage of the normal fellow eye. Note that the two curves coincide normal eye as 100%, was plotted against the age of squint onset (solid circles). The acuity is worst for the cat with squint from 3 weeks and gradually improves for those cats with squint of later onset. The arrowed curve in Figure 7 is the acuity development of normal kittens measured behaviourally by Mitchell et 01. (1976) . Again the two curves fit very well. Thus arrest of development of visual acuity in squinting eyes was confirmed behaviourally. Thus, we can conclude that squint amblyopia is an arrest of development of sustained LGN cell function at the time of squint onset. In other words, the site of the lesion responsible for amblyopia is in the monocular pathway before the two eyes' inputs are mixed at the cortex.
Is the squint amblyopia of LGN cells due to amblyopia of sustained retinal ganglion cells in the area centralis or due to retrograde inhibitory influence of the cortex on the LGN? During the editorial negotiations for publishing our results on squint amblyopia demonstrated at the LGN (Ikeda & Wright 1976 , Ikeda et al. 1978 we had some difficulties. Some critics said that it could be an inhibitory influence of the cortex on the LGN, and to answer this we should look at the visual acuity of the retinal ganglion cells in strabismic kittens. If the retinal visual acuity was normal, then the LGN amblyopia could still be argued to be an influence from the cortex, but if the retina was amblyopic, the physiological basis of amblyopia must be at the retina. So, once again we reared kittens with convergent squint produced by exactly the same method, in one eye at the age of 3 weeks, the beginning of sensitive period and the age of squint onset which produced the most severe amblyopia at the LGN. When these kittens became young adults, we measured cellular visual acuity of the retinal ganglion cells (Ikeda & Tremain 1979) . Figure 8 shows the acuities of sustained-X cells and transient-Y cells plotted against the distance from the area centralis. The acuity of cells in the normal eye is highest at the area centralis but falls sharply towards the periphery. The cells from the squinting eye in the area centralis show poor visual acuities. The cells in the periphery show no interocular difference in acuity. So amblyopia is very much a problem of the area centralis of the retina. The transient cells, as a whole, have poor visual acuity, and although there is a minor amblyopia of these cells, the loss is not so great as that of sustained cells. We also found that amblyopic sustained-X cells of the squinting eye of adult cats had similar receptive field properties (large excitatory centre and weak inhibitory surround) to those immature cells, again suggesting that squint leads to arrest of development of immature sustained-X cells in the area centralis of the retina. Thus the defect responsible for squint amblyopia is already apparent at the retinal ganglion cell level (see Ikeda 1979) .
Under what circumstances does squint lead to amblyopia? Although we were able to demonstrate strabismic amblyopia in the animal model, we were still very puzzled by the intriguing fact that clinically not all strabismic children become amblyopic, but most of them suffer from a lack of binocular vision.
To answer the question, under what circumstances does squint lead to amblyopia, we produced three kinds of squint in kittens at the age of 3 weeks. These were (a) cats with divergent squint produced by medial rectus removal resulting in alternating fixation; (b) cats with convergent squint produced by lateral rectus section, which also resulted in alternating fixation; and (c) cats with convergent squint produced by our usual method, i.e. removal of the lateral rectus and superior oblique muscles. The last group showed no alternating fixation. In other words, they lost the use of the area centralis in fixation. When all these kittens reached the age of young adults, we measured visual acuity of retinal ganglion cells (Ikeda & Tremain 1979) . Figure 9 illustrates the results from each of these strabismic groups compared with the results from a normal control cat. In the normal cat and in cats with alternating fixation, the acuity of sustained cells in the area centralis is high and there is no interocular difference. The cells from the area centralis of the squinting eye of the esotropic cat which showed no alternating fixation were, however, clearly amblyopic. So, amblyopia was associated with a loss of ability to fixate with the area centralis of the squinting eye -but why?
Why does theloss of fixation result in a functional deficit ofsustained-Xcells of thearea centraUs? Figure 10 may show the optical condition in convergent squint in which the ability to fixate with the fovea is lost. When the normal eye sees an object at a far distance, such an object is seen by the squinting eye's peripheral retina and the fovea points in the wrong direction, and thus the foveal image will be blurred. When the normal eye accommodates to see a near object, again the squinting eye's fovea points to some other object, not necessarily in the same plane. This image is thus likely to be blurred. So it appears that the squint fovea is habitually exposed to blurred images. On the other hand, in squint with alternating fixation, the squinting eye can also fixate, so at least the squinting fovea receives sharply focused images of objects of interest. ., Why should blurred images cause amblyopia of sustained-X retinal ganglion cells in the area centralis? The answer to this question finds its way back to our earlier experiments. We showed that defocusing the image has a drastic effect on the response of sustained cells in the area centralis, but not on transient cells (Ikeda & Wright 1972a) . As shown in Figure 11 , a sustained-X cell in the area centralis gives vigorous and sustained firing to an optimal grating presented on and off, but the response is drastically reduced and becomes noisy when the grating is defocused by a -8 dioptre lens. But a transient cell still gives a brisk transient firing when the image is defocused. Thus, a blurred image is not an adequate stimulus for sustained cells in the area centralis. Perhaps it is not surprising, therefore, that the cells do not develop their optimal functional ability if they are not stimulated by appropriate stimuli during the critical period of development. This hypothesis should be tested by asking the following question. To answer this, we produced blurred images in the straight eye of kittens at 3 weeks by applying atropine in either one eye or in both eyes. Atropine not only dilates the pupil and increases spherical and chromatic aberration, but also paralyses accommodation and thus the atropinized eye sees somewhat blurred images of near objects during the critical period of development. When these kittens became young adults, we measured visual acuity at the LGN as before (Ikeda & Tremain 1978b ) and, more recently, at the retina (Figure 12) . The acuity is lost in sustained-X cells from the area centralis of all penalized eyes, regardless of whether one eye or both eyes had been penalized. So the idea that blur is the cause of amblyopia is supported by these experiments. Relationship between our results and the currently held cortical suppression theory of amblyopia Our work led to a conclusion on the cause of amblyopia which is different from that previously believed or suggested. Our results suggest that amblyopia is a peripheral defect due to blurred images on the fovea during the critical period of development, resulting in arrest of development of a particular class of retinal ganglion cells which provide the basis for high visual acuity. But the popular view is that amblyopia is a central defect due to cortical suppression. This implies that the peripheral cells are normal but the cortical neurons somehow inhibit the information arising from the strabismic or hypermetropic eye, and this inhibition results in amblyopia. However, is there any evidence for cortical suppression as a cause of strabismic amblyopia? This question is entirely different, of course, from asking whether there is cortical or some other form of suppressive mechanism to suppress the unwanted image of a non-fixating eye or amblyopic eye, since we also believe such suppression must exist, though how and where such a physiological mechanism occurs is still not understood.
Sustained-X cell
If retinal ganglion cell and LG N cell activity arising from the two eyes is normal and equal, it is difficult to understand what mechanism could produce suppression of the input from one eye as opposed to the other at the cortical level. Thus cortical suppression may be a consequence rather than a cause of amblyopia.
Conclusions
The following four conclusions may be made from the experiments described: (1) High visual acuity is provided by sustained-X cells in the area centralis of the retina. (2) The high foveal visual acuity develops postnatally. (3) Amblyopia is an arrest of development of sustained-X cell function. (4) Amblyopia is caused by habitually blurred images at the visual axis during the critical period of development.
These conclusions perhaps lead to the following clinical implications: (1) Correction of refractive and squint errors in infants should be made as early as possible.
(2) Penalization should be used with caution to prevent amblyopia in the good eye during the critical period of development which we suggest to be within the first two years of life.
